Introduction
Vertebroplasty is an emerging procedure to treat primarily spinal fragility fractures, but also other pathological fractures [19, [20] [21] [22] [23] [24] . In this procedure, bone cement is injected under pressure through a thin cannula into a vertebra. The in situ cement polymerization augments the weakened bone [1, 2] .
One of the limitations of vertebroplasty is that the pressure required to inject the cement is often high [1-3, 16, 25, 28] . The injection pressure during vertebroplasties was reported to exceed 1,500 kPa, which approaches the limit of what can be applied manually [4, 5, 7, 11, 28, 29] . As a consequence of the excessive pressure, premature termination of the procedure may become necessary resulting in insufficient filling of the vertebra.
There are two methods employed to overcome the problem of high pressure: (1) to use a pressure applicator device, which increases the pressure that is applied to the cement [4, 5, 7, 11, 18, 29] , and (2) to increase the recommended liquid to powder ratio of cement, which lowers cement viscosity [12, 17, 18, 23] . However, these methods introduce additional risks. With the pressure G. Baroud 
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Abstract One of the main limitations of vertebroplasty is the excessive pressure required to inject a sufficient amount of cement into a vertebral body. Based on previous work that shows that approximately 95% of the injection pressure is required to deliver the cement through the cannula, we proposed a new cannula design with a larger internal diameter in the proximal section. The objective of this study is to determine whether the new cannula geometry significantly reduces the delivery pressure and eases cement injection during vertebroplasty. Two different methods were employed to examine the delivery pressure in a conventional and two redesigned cannulae: (1) analytical model: Hagen-Poisseuille's flow through a tube was used to predict the pressure drop in the cannulae; (2) experiment: first a Newtonian silicone oil and then an acrylic bone cement was injected through the cannulae at a constant rate of 4 cc/min, and the delivery pressure was recorded. Both the experimental and analytical findings confirmed that the redesigned cannula reduces the delivery pressure significantly. Specifically, when the internal diameter of the proximal section was increased by a factor of two, which is clinically feasible, the delivery pressure dropped by about 63%. The redesigned cannula appears to have the potential to improve vertebroplasty. The key benefits are that (1) it eases cement injection, (2) it can be easily integrated into the existing procedure, and (3) it is cost-effective. applicator device, there is the possibility that the liquid may separate from the suspended powder under excessive pressure [3, 7, 13, 28] . Moreover, the tactile feedback of the cement flow into the bone is reduced with the pressure device. Altering the recommended liquid to powder ratio may cause complications such as toxicity and reduced cement strength [12, 27] .
To arrive at a targeted solution, a different approach was needed. We began by developing an analytical model to identify the underlying biomechanisms in the pressurized environment of the cement injection procedure as well as locate any pressure-generating bottleneck in the system [4, 7] . In the model, the total pressure required for cement injection has two main components:
1. Extravertebral or delivery pressure, which is the external delivery pressure required to overcome the friction in the cannula; and 2. Intravertebral pressure, which is the pressure required for the cement to infiltrate the trabecular bone inside the vertebra and displace the bone marrow through the vertebral shell.
The details of the analytical model, which calculates the pressures by means of combining the established rheological laws of both Hagen-Poiseuille's law and Darcy's law, have been presented in previous studies [7, 14] . To understand the injection process, the crucial individual parameters, such as bone porosity, bone permeability, cement viscosity, hydraulic resistance of a vertebral body, and cannula geometry, had to be identified and determined individually [4-11, 13, 14] . After the underlying mechanisms of the parameters had been understood and measurements obtained, they were combined into an analytical model of the injection pressure.
The most significant result obtained from the analytical model was that the delivery pressure is much larger than the intravertebral pressure. Specifically, over 95% of the total injection pressure is required to overcome the Fig. 1 Schematic drawings of a conventional cannula and two redesigned cannulae tested in this study. ID Internal diameter, OD outside diameter friction in the cannula, and less than 5% of the pressure is required to force the cement to infiltrate the trabecular bone and displace the bone marrow [4, 11] . Once the theoretical findings are combined with the data obtained from experimental studies that confirm that intravertebral pressure is very small, the solution seems rather obvious [4, 11, 14, 15, 26] . Since the pressure bottleneck during the injection occurs in the cannula, its geometry must be changed.
A new cannula design to ease cement delivery is therefore proposed. Instead of a straight tube with a constant internal diameter (ID), the redesigned cannula features two distinct sections with two different IDs. The diameter of the one third of the cannula that enters the pedicles (distal section) is determined by the anatomical limits posed by the pedicles; however, the diameter of the remaining two thirds (proximal section), which in part passes through the soft tissue, is increased to reduce the delivery friction and to ease the injection (Fig. 1) .
It is hypothesized that the new cannula geometry significantly reduces the delivery pressure. The objective of this paper is to employ an analytical and an experimental model to test this hypothesis.
Materials and methods
Cannula design
Three cannulae made of stainless steel were tested in this study-a conventional cannula with geometry similar to that of a typical 8-gauge cannula, and two redesigned cannulae (Fig. 1) . The length of all of the cannulae was 120 mm. The length of the proximal section of the redesigned cannulae was 80 mm, and the length of the distal section was 40 mm. The IDs of the cannulae were as follows:
1. Conventional cannula: ID of entire cannula = 3.175 mm. 2. Redesigned cannula A: ID of proximal section = 6.35 mm (i.e., two times larger than the ID of the distal section and of a conventional cannula), and ID of distal section = 3.175 mm. 3. Redesigned cannula B: ID of proximal section = 9.525 mm (i.e., three times larger than the ID of the distal section and of a conventional cannula), and ID of distal section = 3.175 mm.
Analytical model
Since the geometry of the cannulae is known, the extravertebral delivery pressure, DP del , can be estimated using Hagen-Poisseuille's law [14] :
where a is the radius of the cannula, L is the length of the cannula, g is cement viscosity, and Q is the volume flow rate of the cement. According to this equation, the delivery pressure decreases in an overproportional fashion (a 4 ) with an increase in the radius of the cannula and increases in a linear fashion with respect to the length of the cannula.
For the new cannulae, the delivery pressure is divided into the delivery pressure for the proximal section and the delivery pressure for the distal section. This relationship can be expressed as:
The benefit of this separation is that it isolates the effect that each section of the redesigned cannula has on the delivery pressure.
The separation also makes evident that since the pressure drop in the distal section, DP distal , is the same in all three cannulae, it cannot be pertinent for the reduction in delivery pressure. Conversely, since it is the geometry of the proximal section that varies in the three cannulae, the pressure drop in the proximal section, DP proximal is the only relevant component for the delivery pressure reduction.
However, DP distal is important for determining the absolute limit to which the delivery pressure, DP del , can be reduced. Theoretically, the delivery pressure can be reduced by a maximum of 66.6% since the unchanged distal section represents one third of the cannula length.
Experimental model
In the experiment, two types of fluids-silicone oil and bone cement-were injected at a constant flow rate through the three cannulae described above. The delivery pressure for the six independent experiments was measured.
The three cannulae were first injected with silicone oil with a viscosity of 95 Pa s (viscosity standard 100,000; Brookfield Engineering, Middleboro, MA, USA), which is similar to the viscosity of bone cement. The main advantage of silicone oil is that it allows the effect of the cannula geometry to be isolated from the effect of the material. This isolation is possible because the viscosity of silicone oil is Newtonian, which provides greater control over and predictability of the experiment. Another benefit is that because the viscosity of silicone oil is less sensitive to changes in the ambient conditions, the results are more accurate and reproducible.
In the subsequent tests, the silicone oil was replaced by DP-Pour acrylic cement (DenPlus, Montreal, QC, Canada). 1 To prepare the cement for injection, the liquid to powder ratio recommended by the manufacturer was followed. Accordingly, 18.0 ml of liquid and 30.8 g of powder were measured with a graduated cylinder and an analytical balance, respectively. The liquid was then added to the powder in a plastic beaker, and a spatula was used to mix the cement at approximately 60 beats/ min for approximately 50 s until the powder had visually dissolved in the liquid. To match clinical conditions, the injections with DP-Pour were started once the cement exhibited a dough-like consistency, which was approximately 11 min after the liquid was added to the powder [10] .
In the final phase of each test, a 20-cc syringe, filled with either silicone oil or DP-Pour was connected to a cannula. The cannula and syringe were then attached to a servohydraulic testing machine (Mini Bionix 856; MTS, Eden Prairie, MN, USA). The testing machine depressed the plunger of the syringe at an injection rate of approximately 4 cc/min, which is representative of a clinical situation, and recorded the force required to deliver the fluid through a cannula.
For each experimental condition (three cannulae and two fluids), three trials were conducted. This resulted in a total of 18 experiments. The testing reproducibility, which was determined by the coefficient of the variation, was on average 2.7% for the nine experiments with silicone oil and 13.4% for the nine experiments conducted using the bone cement.
Results
The analytical model predicted that the redesigned cannula A reduces the delivery pressure by approximately 63% and the redesigned cannula B reduces the delivery pressure by approximately 66%. Increasing the ID by any more than twice its initial value would therefore contribute only minimally toward reducing the delivery pressure.
The experimental data obtained from both test series-one using silicone oil, the other bone cement-confirmed the predictions of the analytical model (Fig. 2) . The results of the analytical and experimental models are therefore consistent with one another.
These findings confirm our hypothesis that the changes in the cannula design reduce the delivery pressure significantly.
Discussion
Since previous studies had already shown the delivery portion of the vertebroplasty procedure as the bottleneck in the system, a new cannula design with a larger ID in the proximal section was proposed to significantly reduce the delivery pressure and to ease cement injec-1 DP-Pour is an acrylic polymer that is used mainly in dental and research laboratories. The composition and rheological behavior of DP-Pour is similar to that of other bone cements, such as Simplex, Vertebroplastic, and Placos LV-40. DP-Pour was favored because it is less expensive. Fig. 2 A comparison of the analytical and experimental results. The pressure reduction was normalized with the readings in the conventional cannula. The error bars indicate a 95% confidence interval from the mean. The radius of the proximal section was normalized with that of the distal section. There is a good fit between the analytical and experimental findings tion. Both the analytical and experimental results confirmed that increasing the ID of the proximal section of the cannula by a factor of two reduces the delivery pressure by about 63%. Seen in the specific context of our test data, an injection pressure value of 1,500 kPa obtained with the old cannula decreased to almost 550 kPa when the traditional cannula was exchanged for the redesigned version. This value lies well within the range of strength required from a human to perform everyday tasks: using a 5-cc syringe for cement injection, 550 kPa corresponds to a force of 60 N or 6 kg.
The primary benefit of the cannula lies in the dramatic ease with which sufficient amounts of cement can be injected. A secondary, but arguably equally important, advantage of the new cannula over the old one is that clinicians no longer have to be concerned about a possible malfunction in the cement delivery but can turn their whole attention to the overall procedure.
Another notable benefit of the new cannula is the straightforwardness of its design, which facilitates the modification of existing setups and requires neither the acquisition of new equipment nor the retraining of clinicians or technicians.
In summary, the simplicity and cost-effectiveness of acquiring, installing, operating, and maintaining the proposed cannula when added to the obvious clinical benefits arising from a significantly easier and safer cement injection process will potentially render vertebroplasty a considerably improved and more widely applicable therapeutic procedure.
Finally, one may hypothesize that the fact that the new cannula significantly decreases the delivery pressure may improve the feasibility of the injection of more viscous cements. Animal studies [15] , ex vivo laboratory studies [7, 14] , and anecdotal evidence reported in clinical studies [2, 20, 21] suggest that high-viscosity cements not only increase the uniformity of the cement spread pattern in the vertebral body, but they also decrease the risk of leakage. These claims and our hypotheses will, however, require further study.
